A psychotic disorder is a multifactorial phenomenon in which not only environmental influences but also genetic factors play an important role.
INTRODUCTION
Cannabis is the most widely used illicit drug in the world. The World Drug Report 2016 from the United Nations Office on Drugs and Crime reported that 3.8% of the global population used cannabis in 2015 [1] .
While some cannabis users present a moderate to problematic use, a formal diagnosis of dependence according to DSM-V requires excessive use [2, 3] . Although a direct causality between cannabis use and the development of psychiatric disorders has not been convincingly established, repeated use of cannabis has been associated with several Open Access 2 of 8 medical conditions that include depression, psychosis and other mental health problems, physical health problems, and reduced quality of life [4] .
It is well established that comorbid substance abuse, including cannabis abuse, is much more prevalent among patients with psychotic disorders than in the general population [5] [6] [7] [8] . However, the relationship between cannabis use and psychosis might be more complicated than it appears at first. A psychotic disorder is a multifactorial phenomenon in which both environmental influences and genetic factors play an important role. Epidemiological studies have identified many environmental factors associated with an increased risk of psychosis, including childhood adversity, trauma, and viral infections [9] . Genetic studies have also revealed that a genetic predisposition to schizophrenia might be associated with increased use of cannabis in healthy individuals [10] . To date, however, no single genetic or environmental factor has been unambiguously identified as a direct cause of psychosis.
The risk of developing psychosis increases with the accumulation of many genetic risk variants and exposure to several risk environmental factors [9] .
In recent decades, the most important questions discussed in the field of cannabis research have been whether the use of cannabis increases the risk of psychosis and whether psychotic disorders occur more frequently in people who use cannabis [6] [7] [8] [9] . The question has also arisen as to how widespread cannabis use and cannabis-related disorders are among people with a psychotic disorder.
An important body of evidence supports the notion that cannabis use, especially in adolescence, precedes the onset of psychosis [11] . This has been consistently reported in several longitudinal cohorts [12] [13] [14] [15] [16] . On the other hand, some studies have described the possibility that psychosis may lead to an increased propensity to cannabis use, and especially people with psychotic spectrum disorders are more likely to experiment with drugs [17] [18] [19] [20] .
This notion converges with the evidence of self-medication using cannabis in patients with psychotic disorders. Particularly negative symptoms can drive cannabis use in patients with schizophrenia which in turn may exacerbate positive symptoms [21] .
Overall, researchers are interested to know whether and to what extent cannabis use affects the course and outcome of a psychotic disorder because of the implications of this information for treatment and the allocation of resources of the health system [22] . In relation to these questions, here we give an overview of the genetic risk of psychosis associated with cannabis use.
EVIDENCE FROM CANDIDATE-GENE STUDIES
In recent years, great progress has been made in the field of psychiatric genetics. Numerous association studies have been performed to identify genetic risk variants. Within the framework of candidate gene studies, J Psychiatry Brain Sci. 2019;4:e190018. https://doi.org/10.20900/jpbs.20190018
Journal of Psychiatry and Brain Science 3 of 8 studies first tested whether certain genetic markers (especially single nucleotide polymorphisms, SNPs) are associated with an increased risk of disease. Candidate genes were identified in the context of neurobiological processes underlying the psychosis development and the cannabinoid system, e.g., AKT1, CNR1, BDNF, and SLC6A4, suggesting a link between cannabis use and the development of a psychotic disorder [23] . Likewise, two further systematic reviews [24, 25] reported an association but no clear evidence of a possible gene-environment interaction for psychosis and cannabis use. On the other hand, on the basis of comparatively small subsamples Ferretjans et al. [24] reported that a possible geneenvironment interaction may be associated with a genetic susceptibility of the endocannabinoid system. Some studies also suggested a role for the interaction of a functional variant in the COMT gene with psychometric psychosis liability and cannabis exposure on the emergence of psychotic experiences [26] . Because of the small sample sizes in candidate gene studies, however, only a few replicable results could be obtained. Large case-control studies have shown that these variants have minor effects (usually OR < 1.3), suggesting that detecting such gene × environment interactions may also require large sample sizes. Many candidate gene studies have focused on a few polymorphisms (mostly SNPs) in coding regions of the DNA. However, current evidence indicates that a large proportion of variants associated with complex polygenic diseases are often found in regulatory regions, introns or intragenic regions [27, 28] .
EVIDENCE FROM GENOME-WIDE ASSOCIATION STUDIES
The decisive step towards identifying risk alleles was taken with genome-wide association studies (GWAS). In these studies, large numbers of SNPs are used to test as many regions of the genome as possible for associations with disease risk. P values below 5 × 10 −8 are considered to indicate genome-wide significance. As a result of the collaboration of international consortia, the number of cases available for GWAS is continuously increasing. Within the framework of the Psychiatric Genomics Consortium (PGC), GWAS based on tens to hundreds of thousands of patients and controls have led for the first time to the discovery of replicable markers and have provided evidence of the polygenicity of psychiatric disorders and related traits [29] . Likewise, large GWAS using cannabis use as target phenotype have already identified specific loci associated with this trait (highlighting CADM2 and NCAM1, among other genes) and have also showed evidence of the polygenicity of this trait [17, 30, 31] .
In this context, the results of GWAS now allow the study of the genetic the other way around [31] .
POLYGENICITY
In addition to the genome-wide significant associations discovered to date, numerous markers have been identified whose influence does not reach genome-wide significance. Even though these markers have no direct association with the phenotype (the association may not be strong enough to pass genome-wide significance thresholds), they can be grouped together, representing the polygenic signature of a disease. These markers, when considered en masse, can explain a larger proportion of phenotypic variance than a score derived of only genome-wide significant variants [29] . The strength of the polygenic association depends, to a large extent, on the power of the original "discovery sample" from which the allelic risk information is derived; this in turn correlates with the sample size. Within this framework, so called polygenic risk scores (PRS) can be calculated for phenotype prediction. Briefly, from the results of a given GWAS ("training set"), PRS can be calculated for individuals in an independent sample on the basis of the identified risk allele and effect size for each SNP. In such analyses, a score is calculated for the subjects of the independent replication sample by forming a weighted sum of the associated risk alleles of each individual [29] .
PRS are of special research interest as a genetic tool that summarizes individual genetic load. Statistical analyses using PRS as a "composite genetic risk value" have shown that they are able to explain a moderate amount of phenotypic variance of the target phenotype (e.g., schizophrenia) and, in contrast to a vast majority of candidate-gene analyses, they show a very good replicability across different independent test samples. On the basis of PRS analyses, Power et al. have found that healthy individuals with an increased genetic predisposition to schizophrenia consume cannabis more frequently and in larger amounts than individuals with lower genetic risk scores (PRS for schizophrenia showed positive associations for "ever" vs "never" using cannabis across all P-value thresholds; the strongest association for SNPs with P < 0.01 in original schizophrenia GWAS-[PGC] was R 2 = 0.47%, P = 2.6 × 10 −4 ).
Significant associations were also observed in the analysis of the amount of cannabis for 9 of the 10 P-value cutoffs; the strongest association was found for the SNPs with P ≤ 0.05 for schizophrenia (R 2 = 0.85%, P = 0.003) [10] . The Similar results were obtained in recent independent studies.
Individuals with a genetic predisposition to schizophrenia consumed cannabis more frequently and more often throughout their lives than individuals with a lower genetic burden (PRS for schizophrenia were significant (P < 0.05) when five of the eight cannabis use phenotypes were tested in the target sample, including lifetime use, regular use, and amount consumed, with risk scores explaining up to 0.5% of the variance) [32] .
Moreover, recent research from our group has suggested a positive association between PRS for schizophrenia in patients with bipolar disorder (BD): PRS for schizophrenia showed positive associations for "ever" vs "never" using cannabis in BD across most P-value thresholds, with an R 2 of 1%. These unpublished results could be replicated in an independent sample [33] .
Results in a large Icelandic cohort (N = 144,609) have shown a similar effect of polygenic risk for SCZ (and to a lesser extent polygenic BD risk) being associated not only with cannabis use disorder but also with other substance use disorders and smoking [34] . Specifically, in this study a high SCZ polygenic load was associated with an increased risk of cannabis use disorder (OR = 1.23; 95% CI: 1.18-1.29).A recent study in adolescent population has shown a similar trend regarding cannabis use, with SCZ PRS associated with a stronger increase in cannabis use at age 16-20 [35] .
However, this study was not able to find an association between SCZ PRS and alcohol us or smoking.
A recent report from the EUGEI study has shed light on the interplay between SCZ PRS and cannabis use (and other environmental factors) [36] .
This study shows evidence for additive effects (interaction) of cannabis use on the association between the polygenic risk score for schizophrenia and SCZ-control status (relative excess risk due to interaction (RERI) = 5.60; 95% CI: 0.88-10.33). No evidence for gene-environment correlation between SCZ-PRS and cannabis use (OR = 0.98; 95% CI: 0.61-1.59) was found in this study.
CONCLUSION
In summary, the question of the role of cannabis use in the development of psychotic disorders cannot be answered conclusively.
Epidemiological studies indicate that the strength of the link between cannabis use and psychosis should be revised, taking into account other factors that are also associated with an increased risk of psychosis. Moore prognosis is not possible on the basis of PRS, the results found in PRS studies to date suggest that they could be part of future predictive models including clinical and biological features. Initial results suggest a transdiagnostic effect across psychiatric patients and healthy subjects with an increased polygenic risk for schizophrenia associated with cannabis use/cannabis use disorder. The connection between mental illness and cannabis use may therefore not simply be an environmental risk, but rather the result of a gene-environment correlation and/or interaction. In the future, larger sample sizes will be necessary to investigate the genetic association between a mental disorder and cannabis use and to identify common genes and biological mechanisms that may explain this association. Moreover, in a different but complementary approach, the enormous technical progress in the field of genomic high-throughput technologies (next generation sequencing) will probably lead to new insights into the influence of rare variants (low frequency) in the coming years; first molecular genetic studies have already shown that common and rare variants contribute to the genetic risk for psychosis [18] .
